Abstract. We have used the Single-probe, a miniaturized sampling device utilizing insitu surface microextraction for ambient mass spectrometry (MS) analysis, for the high resolution MS imaging (MSI) of negatively charged species in the positive ionization mode. Two dicationic compounds, 1,5-pentanediyl-bis(1-butylpyrrolidinium) difluoride [C 5 (bpyr) 2 F 2 ] and 1,3-propanediyl-bis(tripropylphosphonium) difluoride [C 3 (triprp) 2 F 2 ], were added into the sampling solvent to form 1+ charged adducts with the negatively charged species extracted from tissues. We were able to detect 526 and 322 negatively charged species this way using [C 5 (bpyr) 2 F 2 ] and [C 3 (triprp) 2 F 2 ], respectively, including oleic acid, arachidonic acid, and several species of phosphatidic acid, phosphoethanolamine, phosphatidylserine, phosphatidylglycerol, phosphatidylinositol, and others. In conjunction with the identification of the non-adduct cations, we have tentatively identified a total number of 1200 and 828 metabolites from mouse brain sections using [C 5 (bpyr) 2 F 2 ] and [C 3 (triprp) 2 F 2 ], respectively, through high mass accuracy measurements (mass error <5 ppm); MS/MS analyses were also performed to verify the identity of selected species. In addition to the high mass accuracy measurement, we were able to generate high spatial resolution (~17 μm) MS images of mouse brain sections. Our study demonstrated that utilization of dicationic compounds in the surface microextraction with the Singleprobe device can perform high mass and spatial resolution ambient MSI measurements of broader types of compounds in tissues. Other reagents can be potentially used with the Single-probe device for a variety of reactive MSI studies to enable the analysis of species that are previously intractable.
Introduction
M ass spectrometry imaging (MSI) is a growing field within mass spectrometry (MS) based biological analysis for the elucidation of spatially defined MS information from biological surfaces, and has already shown potential to be used in improving biomarker discovery for clinical diagnoses [1] [2] [3] . Ambient MSI describes the performance of MS analysis in the ambient environment without the need for a vacuum chamber for sampling [4] , and the first description of ambient MSI was made by Takats et al. with the use of desorption electrospray ionization (DESI) MS [5] . Since then, a great number of other ambient MSI modalities have been made with a variety of different approaches [6] . Compared with non-ambient MSI techniques, such as matrix assisted laser desorption ionization (MALDI) MS [7] and time-of-flight secondary ion MS (Tof-SIMS) [8] , ambient MSI methods generally lack spatial resolution, with experiments routinely performed at 50-200 μm pixel sizes or larger [9, 10] . In contrast, MALDI MS is capable of around 5 μm resolution [9] , and Tof-SIMS can achieve submicron levels of precision [8] and perform depth profiling MSI on biological tissues [11] . Ambient MSI, however, has the advantage that analysis can be performed with little to no sample preparation and sampling can be conducted without a vacuum environment, allowing MSI experiments to be performed at a near native Electronic supplementary material The online version of this article (doi:10. 1007/s13361-015-1287-7) contains supplementary material, which is available to authorized users.
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A number of ambient MSI techniques have been developed for improved MS image generation from biological samples. These ambient MSI methods can be broadly separated into a number of categories based on their principles of sampling and ionization approaches. Laser-based techniques such as laser assisted electrospray ionization (LAESI) MSI [12] and transmission geometry laser ablation MSI [13] are relatively recent developments. Both methods involve the ablation of analytes from the sample using a laser followed by ionization via ESI mechanics, and they are able to generate spatial resolutions on biological surfaces of around 30 [14] and 50 μm, respectively, with LAESI also being able to perform high throughput quantitative analysis on biological samples [15] . Spray-based techniques such as DESI MSI rely on the use of a pneumatically directed electrospray mist to desorb and ionize analytes on surfaces [16] . DESI MSI has already been successfully applied for the analysis of many different biological samples [17] [18] [19] . DESI MSI has been reported to be able to achieve a spatial resolution of up to 40 μm [20] , but it is routinely performed at 100 μm or more because of experimental requirements. A growing category of ambient MSI involves in-situ surface microextraction of analytes, which has been shown to have better extraction efficiency on surfaces, such as for digested proteins, than DESI MS [21] . Some earlier examples of surface microextraction techniques include liquid micro-junction surface sampling (LMJ-SSP) MS [22, 23] , which uses a coaxial probe for continuous sample uptake, and liquid extraction surface analysis (LESA) MS [24] , which suspends a droplet of solvent onto the surface before taking it up for analysis via ESI-MS. Both LMJ-SSP and LESA provide surface extraction efficiency and sensitivity but are not routinely used for MSI because of a lack of spatial resolution (typically 0.5-1.0 mm), and they are usually used for profiling biomolecules on surfaces [25] [26] [27] . Nano-DESI is a surface microextraction-based technique that has shown great promise in the field of MSI. The nano-DESI probe consists of two individual fused silica capillaries placed together to form a micro-junction on a surface, which is then supplied with solvent into one of the capillaries so that extracted analytes can be taken up by the other and analyzed within the mass spectrometer [28] . Nano-DESI is capable of high spatial resolution at around 12 μm on biological samples [29] and has been used previously for a number of MSI investigations of a variety of biological tissues [30] [31] [32] ; however, reproducible probe fabrication and the initial setup of the probe for optimal sample interaction can be difficult. We have created the Single-probe, an integrated sampling and ionization device that can be coupled with MS for a variety of applications. The Single-probe works via surface microextraction, and is capable of high spatial resolution ambient MSI [33] as well as a number of other modalities such as live single cell MS analysis [34] . The Single-probe is constructed using a pulled dual-bore quartz tubing coupled to two fused silica capillaries for solvent introduction and aspiration, which allows the device to have an integrated structure, small sampling size, high extraction efficiency, and convenient operation for ambient MSI measurements. In particular, the smallness of the probe tip size (typically <10 μm) allows for sampling to be conducted at a small area. We were able to achieve a spatial resolution of around 8.5 μm on mouse kidney sections in our previous work, which is amongst the highest spatial resolutions yet achieved using ambient MSI techniques on biological tissues [33] .
All ambient MSI techniques mentioned above (i.e., DESI, LASESI, LMJ-SSP, LESA, and nano-DESI) are relevant to the ESI method. Because negative ionization mode has been shown to be generally less sensitive and stable than the positive ionization mode for most molecular species due to the increased tendencies for corona discharging in the negative ionization mode [35] , these ambient MSI techniques are generally operated under the positive ionization mode. The development of ESI techniques, such as varying the solvent composition, is expected to expand the capabilities of these ambient MSI methods. In addition to the use of common solvents (e.g., methanol, water, and acetonitrile), reagents containing solvent can be used in ESI-MS techniques to improve the detection of certain metabolites [36, 37] . For example, dicationic compounds have been used as reagents to improve the detection of phospholipids in LC-MS experiments [38] . These dicationic compounds carry 2+ charge and readily form adducts with negatively charged (1−) species such as phospholipids; the formation of 1+ charged adducts allows the detection of anionic species in the positive ionization mode [39] . Similarly, this method has already been employed in the analysis of a number of negatively charged pesticides using high performance liquid chromatography (HPLC) ESI MS (termed paired ion ESI (PIESI)), and was found to have improved the sensitivity of detection of their target compounds [40] . In addition to the ESI-MS experiments, dicationic compounds have been applied for ambient surface analyses. A number of dicationic compounds were used in DESI MS for the detection of stock lipid species spotted onto a glass surface, where one of the dicationic compounds [C 6 (C 1 Pyrr) 2 ][Br] 2 was show to have selectively improved the detection of palmitoleic acid and linoleic acid over their detection in the negative ionization mode [41] . [C 6 (C 1 Pyrr) 2 ][Br] 2 was later applied to DESI MSI studies on biological tissues, where adducts of dicationic compound with fatty acids in the range of m/z 250−350 were observed in the positive ionization mode [42] . However, this study was unable to observe adducts of the dicationic compound with larger phospholipids that typically exist within the range of m/z 600−900 within their MSI results.
Here, we present the utilization of the dicationic compounds [40] for reactive MSI experiments to obtain high spatial and mass resolution ambient MS images of biological tissues using the Single-probe device. We were able to detect a large number of negatively charged species in the positive ionization mode with both dicationic compounds, mostly in the m/z 600-900 range, including many species of phosphatic acids (PA), phosphoethanolamines (PE), phosphatidylglycerol (PG), phosphatidylserine (PS), phosphatidylinositol (PI), and others.
Metabolites normally found in the positive ionization mode were also simultaneously detected during these experiments. Considering that the same sample slice usually is not reused for additional measurements in all MSI studies because of sample destruction or analyte depletion, some chemical information cannot be obtained in one experiment using either positive or negative MS polarity. Combined with the detection of the dicationic compound adducts in the same experiment, our technique can greatly increase the total number of identifications through one experiment. The dicationic compounds were able to improve the spectral intensities of the ions detected over the negative mode as well. The Single-probe MSI experiments can be carried out using high-resolution mass spectrometers, such as Thermo (Waltham, MA, USA) LTQ Orbitrap XL mass spectrometer, allowing for a confident identification of the species than previously achieved [42] . MS/MS was also performed on selected ions to further improve the identification. We were able to achieve a spatial resolution of 17 μm for both of the dicationic compounds on the mouse brain section samples. Our results indicate that dicationic reagents can improve solvent-based ambient MSI experiments and enable a greater number of molecular species to be imaged in a single experiment, which would allow more informative analyses of the biological samples to be performed.
Experimental

Chemicals
Methanol and water (Chromasolv MS grade) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Two dicationic compounds, 1,5-pentanediyl-bis(1-butylpyrrolidinium) difluoride (the dication is abbreviated to [C 5 (bpyr) 2 ]
2+
) and 1,3-propanediyl-bis(tripropylphosphonium) difluoride (the dication is abbreviated to [C 3 (triprp) 2 ] 2+ , which were first described in Xu and Armstrong [40] , were purchased from Sigma-Aldrich (St. Louis, MO, USA) at a concentration of 2.5 mM in methanol:water (50:50) ( Figure 1 ). These dicationic compounds were used to prepare a series of concentrations from 10 μM to 1 mM with the solvent methanol:water at a composition of 90:10.
Preparation of Brain Section
Mouse brain tissues were placed in Optimum Cutting Temperature (OCT) compound (Tissue-Tek, Sakura Finetek USA, Torrance, CA) and flash-frozen in liquid nitrogen before sectioning within a cryotome (American Optical 845 Cryo-cut Microtome, Southbridge, MA, USA) at −15°C. The brain sections were made at 12 μm thickness and placed onto polycarbonate microscope slides (P11011P; Science Supply Solutions, Elk Grove Village, IL, USA). Samples were dried in the open air, scanned at high resolution using a PathScan Enabler IV histology slide scanner (Meyer Instruments, Inc., Houston, TX, USA), and stored at -80°C before use. Tables S1−S5 the fused silica capillaries acts as the solvent providing inlet whereas the other plays the role as the nano-ESI emitter (Figure 2b ). The Single-probe device has been coupled with a XYZ translation stage system for sample motion control and a Thermo LTQ Orbitrap XL mass spectrometer for MS analysis (Figure 2a and c) .
MSI Experiment and Data Processing
A mouse brain section was placed onto a motorized XYZ stage system controlled by a LabVIEW software developed by the Laskin Group [43] . MSI was performed on a Thermo LTQ Orbitrap XL mass spectrometer with the following parameters: 10.0 μm/s rastering speed and 20 μm distance between lines, mass resolution 60,000 (m/Δm), 5 kV positive mode, 1 microscan, 100 ms max injection time, AGC on. It is noted that compared with conventional ESI-MS settings, a relatively higher ionization voltage was used in our experiments, whereas no corona discharging was observed on the nano-ESI emitter.
Owing to the smallness of the nano-ESI emitter (length~5 mm) on the Single-probe device, the ionization voltage is conveniently applied on the conductive union, and then transmitted to the nano-ESI emitter through the liquid in the capillaries and channels in the Single-probe (Figure 2a 2+ at a number of concentrations with a flow rate of 0.4 μL/min. With this flow rate, solvent delivered to the surface can be completely drawn up by the ESIemitter with no surface spreading observed. The total time for a typical high resolution MSI experiment for a sample of 2.0 × 1.5 mm in size is around 4-5 h. MS images were generated from raw data files using the MSI QuickView software developed by PNNL [44] . Accurate mass of metabolite was searched using the online database Metlin from the Scripps Center for Metabolomics (https://metlin.scripps.edu/index.php).
MS/MS of Selected Ions
For more confident identification of species of interest, spot surface analyses of metabolites on mouse brain sections were carried out using MS/MS with collision induced dissociation (CID) and/or higher-energy collision-activated dissociation (HCD). HCD MS/MS was performed for the selected species (in the negative ionization mode for comparison) and the adducts of metabolites with dicationic compounds [C 5 . The parameters used in MS/ MS analyses were as follows: mass resolution 100,000 (m/Δm), 5 kV positive mode for dicationic experiments and negative mode for control, 1 microscan, 100 ms injection time, AGC on, activation type CID or HCD, isolation width m/z 1.0 (m/z ±0.5 window), normalized collision energy 30 (manufacturer's unit) for both CID and HCD.
Results and Discussion
Detection of Negatively Charged Species in the Positive Ionization Mode Using Dicationic Compounds
Ambient MSI techniques utilizing solvents for sampling or ionization (e.g., LAESI [45] , DESI [46] , nano-DESI [30] , and LMJ-SSP [27] 
e ( P C ) , phosphoethanolamine (PE), and sphingomyelin (SM) are observed around the m/z 600−900 range, whereas in the negative ionization mode a greater range of phospholipids, such as PEs, phosphatic acid (PA), phosphatidylglycerol (PG), phosphatidylserine (PS), phosphatidylinositol (PI), and others can be detected [47] . Typically, it is found that in ESI-MS experiments, positive ionization mode provides better sensitivity and stability than the negative ionization mode, which exhibits an increased tendency for corona discharging [35] . It was our goal in these studies to use the solvent containing dicationic compounds to enable the detection of negatively charged metabolites in the positive ionization mode of the mass spectrometer, and increase the amount of metabolites to be observed within a single MSI experiment.
We first conducted spot MS analyses of metabolites from mouse brain sections using the Single-probe in both positive and negative ionization modes. Figure 3a and b are the representative spectra that can be observed from the surface of a mouse brain section in the positive and negative ionization modes, respectively. It is worth noting that the phospholipids in both spectra reside within the m/z 600−900 range, shown for the negative ionization mode in Figure 3c 2+ the negatively charged metabolites associate with the dicationic ligand, with a mass shift of m/z 362.3231, which formed the complexes that can be observed in the m/z 950−1250 range (Figure 3g ). Metabolites normally observed in the positive ionization mode can still be detected in their usual m/z values (m/z 600−900) while using the dicationic reagents (Figure 3d and f).
The sampling solutions at a series of concentrations for both dicationic compounds were tested from 10 μM to 1 mM, and an optimal concentration of 400 μM was used for the Single-probe MSI experiments. This concentration is higher than those used in previous LC-PIESI MS (40 μM) [40] and DESI-MS (10 μM) [41] studies. It is likely that in our MSI experiments, a larger amount of complex molecules extracted from biological tissues can form adducts with the dicationic compounds resulting in higher consumptions of dicationic reagents. A potential disadvantage resulting from such a high concentration of dicationic reagent is likely to be the ionization suppression of certain types of analytes. This was observed for [C 3 (triprp) 2 ] 2+ where the non-adduct cations have their absolute ion intensities generally lower than those in the experiments without using the dicationic reagents (Table 1, Figure 3a and f). However, the ion suppression effect was unlikely to be present for [C 5 (bpyr) 2 ] + , where the intensities for non-adduct cations were not affected (Figure 3a and d) . In addition, due to the complexity of mass spectrum obtained from this reactive MSI experiments, using high resolution mass spectrometer is necessary to acquire detailed chemical information of tissue samples. Figure 4c and Figure 5c , respectively. The detection of these phospholipids in the m/z 600−900 is an improvement over previous results from DESI MSI where these metabolites were not detected with the application of a different dicationic compound [42] . The number of scans per line of raster was 301 scans in 260 s for both of the MSI measurements, and features within the tissues could be clearly seen in these MS images. The spatial resolution for the MS images was determined using changes in the intensity of the MS spectra around these features as suggested previously [48] , which was found to be 17 μm + images were obtained with a slightly lower spatial resolution than previously achieved using the Single-probe (8.5 μm) without the addition of dicationic compounds [33] . The reduced spatial resolution in the current study is possibly due to the slightly increased carryover of the dicationic adducts within the probe during the MSI experiments. Nevertheless, the spatial resolution is still generally high amongst all ambient MSI experimental results conducted on biological tissue samples. The carryover issues of the dicationic compounds can be potentially improved in the future via systematic trials, including using different dicationic compounds, optimizing the reagent concentration and flow rate, and choosing the fused silica capillaries with smaller i.d. to produce the nano-ESI emitters with smaller dead-volume for the Single-probe.
Single-probe Ambient MSI with Dicationic Compounds
Metabolite Identification with High Accurate Mass MS
The capabilities of the Thermo LTQ Orbitrap XL mass spectrometer enable us to perform high accurate mass analysis to identify metabolites on tissue surfaces. Spot analyses on mouse brain sections were performed in the negative ion mode and in the positive mode with [C 5 (bpyr) 2 ]
2+
, and [C 3 (triprp) 2 ] 2+ added in to the sampling solvent. All of the metabolites were tentatively identified using MS measurements with high mass accuracy (mass error <5 ppm) for the matched molecular formulas. Overall, 576 species were tentatively labeled in the negative ionization mode (Table 1, for full list refer to Supplementary Table S1 ), which includes many phospholipids that were identified in the m/z 600−900 range (Figure 3a) . For experiments using [C 5 (bpyr) 2 ] 2+ , a total of 526 negatively charged metabolites were tentatively labeled after the subtraction of the dication's mass shift (m/z 324.3504) from each peak ( Table 1, for full list refer to Supplementary Table S2) . Among these 526 identified species, 163 were also detected in the negative ionization mode. [C 5 (bpyr) 2 ] 2+ was able to form adducts with a broad range of negatively charged metabolites, and this dication does not seem to favor any particular mass range. This observation is in contrast with previous DESI-MSI studies, in which dicationic compound [C 6 (C 1 Pyrr) 2 ][Br] 2 [41, 42] was chosen as the reagent, where the higher mass ranges were less well detected. It is very likely that the difference of detection range resulted from the difference of sampling and ionization mechanisms between the Single-probe MSI and DESI-MSI techniques. For example, DESI has been shown to be generally less sensitive for the detection of high molecular weight species [21] .
In particular, we were able to detect some biologically important metabolites, such as adenosine monophosphate (AMP, C 10 H 14 N 5 O 7 P), which were not detected in the negative 2+ adducts were much higher than those that can be achieved in the negative ionization mode, with more than 25 times higher intensity observed for the most abundant peak in the phospholipid mass range (Figure 3c and e) . In addition to the negative metabolites detected, 674 non-adduct cations were tentatively labeled in the positive ionization mode, such that a total of 1200 metabolites were tentatively identified (Table 1, for full list refer  to Supplementary Table S3 ). The identified positive ions were predominantly found in the m/z 600-900 range of the positive ionization mode, with relatively fewer identified in the mass shifted m/z 925-1225 range of the [C 5 2+ can still produce spectral intensities at around nine times of those observed in the negative ionization mode (Figure 3c and g ). Using [C 3 (triprp) 2 ] 2+ as the reagent, we were also able to detect AMP as an adduct of the negative ion. Particularly, this dication allows for selective detection of a number of triglycerides (TG) at the mass range of m/z 950 to 1100 that were not detected in either the negative ionization mode or with [C 5 (bpyr) 2 ]
. It follows that [C 3 (triprp) 2 ] 2+ can potentially be used to selectively enhance the detection of a class of molecules that previously were unable to be detected in the negative ionization mode. In addition to the detection of adducts with negatively charged metabolites, 506 non-adduct cations were also observed, indicating that around 828 metabolites were tentatively identified in total ( 2+ was still able to detect a larger number of metabolites than can be found in the negative ionization mode alone without using the dicationic compound.
MS/MS Analysis of Metabolites Adducted with Dicationic Compounds
The combination of accurate MS measurement with standard database search, such as Metlin, is commonly used for the identifications of metabolites. However, because of the achievable mass accuracy (mass error <5 ppm) in our experiments, it is still possible to obtain false positives, particularly for large species. Owing to the lack of the fragment information of dication adducts investigated in the current study in any database, we have conducted accurate-mass MS/MS analysis of selected metabolites to elucidate the general fragmentation rules and to obtain further identification of these adducts. The lipid species DA (22:6) , and the phospholipid species PA (36:1), PE (P-38:6), PG (34:1), PS (40:6), and PI (38:4) were subjected to CID and HCD MS/MS for both of the dicationic species, as they represent a broad selection of the kinds of lipids that were found on the surface. For the MS/MS analysis of DA (22:6) adducts, the fragmentation of both the [C 5 (bpyr) 2 ] 2+ and [C 3 (triprp) 2 ] 2+ adducts proceed through the neutral losses (C 2 H 2 O 2 ) from the carboxylic acid group (Figure 6 , Supplementary Figure S3a) .
For the phospholipids, fragments containing the headgroups (1-charged) were observed for all their adducts with [C 5 , which may be due to its relatively shorter linker chain length hindering the stronger interactions with the relatively larger target ions. This result is different from the one Xu and Armstrong [49] observed for PIESI MS of these dicationic compounds during the detection of pesticides, where [C 3 (triprp) 2 ] 2+ has been found to be better at signal enhancement than [C 5 (bpyr) 2 ]
2+
. This difference may have been the result that the pesticides investigated in previous studies are generally small molecules with masses below 300, whereas the dicationic compounds interact with the larger phospholipids in the current study, resulting in different affinities from those previously observed.
Conclusion
We have utilized for the first time dicationic compounds for the high spatial and mass resolution ambient MSI analysis of biological tissue surfaces with the Single-probe device. Both of the dicationic compounds, [C 5 , respectively. The total number of metabolites found (including positively charged metabolites under normal conditions) were 1200 and 828, respectively, which is a great increase of the number of metabolites that can be identified using one MS polarity alone. A large number of the negatively charged metabolites adducted with the dications were found in the relatively high mass range of m/z 600−900, which is an improvement of the detection range compared with previous ambient DESI MSI of biological samples [42] . The ion intensities within the spectra were also higher for the dicationic adducts than those achieved in the negative ionization mode. In particular, the dicationic compounds were able to facilitate the detection of a number of compounds that were not detected under the negative ionization mode in MS analysis. Dicationic compounds can be made with many different designs, including compounds with asymmetric designs [50] and additional charges [38] (such as tri-and tetra-cationic compounds), which may offer improved abilities for the sensitive detection of specific metabolites or drug molecules [51] . The combination of dicationic compounds with the Single-probe MSI technique indicates that other reagents can be potentially added into the sampling solvent for reactive MSI experiments, which could offer an even greater amount of information to be extracted from the analysis of biological surfaces than ever before.
